The aberrant regulation of Wnt secretion is implicated in various neurological diseases. However, the mechanisms of Wnt release are still largely unknown. Here we describe the role of a C. elegans tetraspan protein, HIC-1, in maintaining normal Wnt release. We show that HIC-1 is expressed in cholinergic synapses and that mutants in hic-1 show increased levels of the acetylcholine receptor AChR/ACR-16. Our results suggest that HIC-1 maintains normal AChR/ACR-16 levels by regulating normal Wnt release from presynaptic neurons, as hic-1 mutants show an increase in secreted Wnt from cholinergic neurons. We further show that HIC-1 affects Wnt secretion by modulating the actin cytoskeleton through its interaction with the actin-binding protein NAB-1. In summary, we describe a protein, HIC-1, that functions as a neuromodulator by affecting postsynaptic AChR/ACR-16 levels by regulating presynaptic Wnt release from cholinergic motor neurons.
Introduction
Cell adhesion molecules (CAMs) are involved in functioning of neurons and synapses (reviewed in Abbas, 2003; Tallafuss et al., 2010; Yamagata et al., 2003) . Claudins are one such class of tetraspan CAMs that are important structural and functional components of tight junctions and are known to maintain epithelial and endothelial tissue integrity and barrier functions (reviewed in Tsukita and Furuse, 2000) .
The claudin superfamily of proteins is conserved structurally but is highly divergent at the sequence level (reviewed in Hua et al., 2003; Krause et al., 2008b) . A growing body of evidence suggests functions for claudins in the brain because they are essential components of the blood-brain barrier, and their deregulation is associated with various brain disorders (reviewed in Gonçalves et al., 2013) . Most claudins possess a PDZ binding motif at their Cterminal tail by which they interact with PDZ domain-containing scaffolding proteins that in turn act as adaptors that link claudins to the actin cytoskeleton in epithelial cells (reviewed in Günzel and Yu, 2013) . How claudins and other tetraspan proteins function at synapses is largely unknown. We show that a claudin-like molecule, HIC-1, functions intracellularly like a claudin at the C. elegans neuromuscular junction, where it interacts with the actin cytoskeleton through the PDZ domain-containing, actin-binding protein Neurabin/NAB-1.
Wnt secretory proteins are conserved across the animal kingdom. Wnt signaling regulates various aspects of animal development, including development of the CNS. Aberrant regulation of this pathway is the cause of various diseases, such as cancers, fibrosis, and neurodegeneration (reviewed in Kahn, 2014) . Much previous work has focused primarily on identifying molecules and their mechanism of action in the Wnt signaling pathways in different tissues (reviewed in Hussaini et al., 2014; Maguschak and Ressler, 2012; Veltri et al., 2017) . However, studies of the secretion of Wnt ligands themselves have lagged behind. These studies have recently gained momentum because abnormal Wnt release is seen in an increasing number of diseases (reviewed in Herr et al., 2012) . The Wnt signaling pathway that regulates AChR/ACR-16 delivery onto the body-wall muscles has been well characterized in C. elegans (Babu et al., 2011; Francis et al., 2005; Jensen et al., 2012; Pandey et al., 2017) , but the mechanism by which Wnt secretion is regulated from C. elegans motor neurons in order to affect postsynaptic AChR/ACR-16 levels is still unknown.
Our data show that HIC-1 is required to modulate Wnt secretion.
Although little work has been done detailing the mechanisms of Wnt release at synaptic sites, Wnt exosomes are thought to be in the proximity of F-actin at the Drosophila NMJ (reviewed in Budnik, 2012a, 2012b) . However, the role of the actin cytoskeleton in mediating Wnt release has not been sufficiently investigated. In this study, we show that HIC-1 regulates Wnt release by modulating the presynaptic actin cytoskeleton, through its interaction with the actin-binding protein Neurabin/NAB-1. ok3475 is likely a null allele of hic-1 ( Figure 1A ). These mutants of hic-1 were hypersensitive to Aldicarb ( Figure 1B ).
The claudin super-family of proteins has four transmembrane domains with their N and C termini inside the cell (Suzuki et al., 2014) , which is predicted in HIC-1 ( Figure S1A ). Most claudins have a PDZ binding motif at the C terminus (reviewed in Simske, 2013) , which is conserved in HIC-1 ( Figure S1B ). Claudins also have two conserved extracellular loops that allow them to make homo-and heterophilic interactions in epithelial cells (Suzuki et al., 2014) . The sequence of the first large extracellular loop of HIC-1 showed poor alignment with other claudins ( Figure S1C ). To check whether HIC-1 shared any similarity to other tetraspan proteins, we analyzed the alignment of HIC-1 amino acid sequences with three tetraspan proteins RYD-2 (Liégeois et al., 2007) and SPE-38 (Chatterjee et al., 2005) in C. elegans and CD82 (Hammond et al., 1998) in vertebrates. The HIC-1 sequence did not show presence of any conserved motifs with these proteins ( Figure S1D ). Taken together, the predicted topology of HIC-1 suggests that HIC-1 could share structural features similar to other members of the claudin superfamily.
Because claudins are required for maintaining the epithelial cell integrity, one concern was that hic-1 mutants could be compromised at the level of the epithelial cells and hence show increased Aldicarb uptake and paralysis. To see if this was the case, we did two experiments; first, we went on to express HIC-1 in the epithelial cells and found that this did not rescue the Aldicarb hypersensitivity seen in the mutants ( Figure 1B) , and second, we tested epithelial cell integrity in the mutants using an assay that allows SYTOX green dye uptake. If the epithelial cells are more permeable, as is seen in dead animals, there would be more uptake of SYTOX green (Gill et al., 2003) . We found no obvious differences in SYTOX green uptake in hic-1 mutants in comparison with wild-type (WT) animals ( Figure S1E ), suggesting that the putative claudin-like protein HIC-1 could be playing a role at the C. elegans NMJs and probably does not affect the functioning of epithelial cells.
We next went on to test if the Aldicarb defects of hic-1 mutants could be attributed to the function of HIC-1 in motor neurons or body-wall muscles. We attempted to rescue the hic-1-mutant phenotype in neurons and body-wall muscles using tissue-specific promoters. Panneuronal expression of HIC-1 was able to rescue the hypersensitivity to Aldicarb, while body-wall muscle expression of HIC-1 failed to rescue the Aldicarb defects ( Figure 1B) . We further went on to examine if the expression of HIC-1 in cholinergic or GABAergic neurons, both of which synapse onto the body-wall muscle of C. elegans (Alfonso et al., 1993; McIntire et al., 1993a McIntire et al., , 1993b could rescue the Aldicarb phenotype. We found that HIC-1 expression in cholinergic neurons and not GABAergic neurons could rescue the Aldicarb defects seen in the mutants ( Figure 1B ). These rescue experiments suggest that HIC-1 could function in cholinergic neurons to regulate Aldicarb sensitivity in C. elegans.
Because HIC-1 appears to function in cholinergic neurons, we went on to ask if HIC-1 is expressed in these neurons. To determine the expression pattern of HIC-1, we first generated a transcriptional reporter of hic-1 tagged with mCherry. The hic-1 promoter expression was seen in the head, in the tail, and along the nerve cord of the animals ( Figure S2A ). We also observed hic-1 expression in cholinergic neurons ( Figure 1C ). To further study the sub-cellular localization of HIC-1, we generated a translational reporter of HIC-1 in which mCherry was cloned under the full-length genomic DNA including the promoter region of HIC-1. We then crossed this translational reporter line with a line expressing the presynaptic marker protein synaptobrevin (SNB-1) which was tagged to GFP and expressed either in cholinergic or in GABA neurons and synapses (Babu et al., 2011; Hao et al., 2012; Sieburth et al., 2005) . We detected a co-localization of the translational reporter of HIC-1 with the SNB-1 protein in cholinergic neurons but not in GABA neurons ( Figure S2B ) and in cholinergic synapses ( Figure 1D ) but again not in GABAergic synapses ( Figure S2C ). These data suggest that HIC-1 is localized at the presynaptic termini of cholinergic neurons ( Figure  1D ). We also looked at the expression of HIC-1 in body-wall muscles and found that HIC-1 did not appear to be expressed in body-wall muscles ( Figure S2D ). The translational fusion construct of HIC-1 was able to rescue the Aldicarb hypersensitivity that was seen in hic-1 mutants ( Figure S2E ), suggesting that the mCherry tag was unlikely to be hampering the function of the gene.
Because HIC-1 appeared to be expressed in cholinergic neurons and synapses, we next went on to see if hic-1 mutants showed defects in cholinergic neurons and/or synapses. In order to see if HIC-1 is required for the development of neurons or synapses, we initially crossed the hic-1-mutant animals into marker lines that showed expression in cholinergic or GABAergic neurons (Babu et al., 2011; Sieburth et al., 2005) . We found that the hic-1 mutants did not show defects in the development of cholinergic or GABAergic neurons ( Figure S3A ). Furthermore, on crossing the hic-1 mutants with the active zone marker α-Liprin/SYD-2, expressed specifically in cholinergic or GABAergic synapses (Sieburth et al., 2005; Yeh et al., 2005) , we found no defects in neuromuscular synapse development ( Figure S3B ). Next, we went on to analyze the synaptic vesicle protein SNB-1 (Sieburth et al., 2005) and again found no defects in presynaptic SNB-1 fluorescence in hic-1 mutants ( Figure S3C ). We then visualized the actin network at the cholinergic synapses by using an actin-binding protein Gelsolin (GSLN-1) tagged with GFP and expressed in cholinergic neurons and synapses (Sieburth et al., 2005) . We observed that the GSLN-1::GFP fluorescence intensity was significantly reduced in the hic-1 mutants in comparison with WT control animals ( Figure  1E ). The decreased levels of Gelsolin in hic-1 were completely rescued by expressing HIC-1 in cholinergic neurons ( Figure 1E ). These results suggest that the actin cytoskeleton could be disrupted in the absence of hic-1.
Taken together, our data so far indicate that at the presynaptic terminal, hic-1 mutants appear to regulate actin cytoskeleton in the cholinergic neurons. We went on to analyze postsynaptic receptor levels at the NMJ in these mutants.
The C. elegans body-wall muscle expresses one GABA and two sets of acetylcholine receptors (AChRs), one that is a nicotinic acetylcholine receptor (nAChR) and made up of homomeric subunits of AChR/ACR-16 and the other that is sensitive to the drug levamisole (LAChR) and consists of heteropentameric αβ subunits (Richmond and Jorgensen, 1999) . We first went on to test the two AChRs (Babu et al., 2011; Francis et al., 2005) and found a significant increase in AChR/ACR-16 levels at the NMJ in hic-1 mutants. This increase was completely rescued by expressing HIC-1 in cholinergic neurons ( Figure 1F) . Furthermore, to test if the increase in AChR/ACR-16 levels was due to increased expression of AChR/ ACR-16, we performed qPCR experiments to quantify the levels of AChR/acr-16 RNA in WT and hic-1 mutants and found no differences in the RNA levels of AChR/ACR-16 in hic-1 mutants ( Figure S3G ). Testing a subunit of the LAChR/UNC-29 showed no obvious changes in LAChR/UNC-29 levels at the NMJ ( Figure S3E ). Similarly, there were no significant defects in GABAR/UNC-49 levels in hic-1 mutants ( Figure S3D ).
To further probe whether hic-1 affects AChR/ACR-16, we made double mutants of hic-1 and AChR/acr-16. The double mutants showed a resistant phenotype in Aldicarb that was similar to AChR/acr-16 single mutants; that is, AChR/acr-16 mutants appeared to completely suppress the hypersensitivity seen in the hic-1 mutants ( Figure S3F ).
Mutants in hic-1 Show Aberrant Muscle Responsiveness
To further investigate how HIC-1 could be regulating AChR/ACR-16 receptor levels, we performed fluorescence recovery after photobleaching (FRAP) on ACR-16::GFP puncta in WT and hic-1-mutant NMJs. FRAP measures diffusion of non-bleached fluorescent proteins to a bleached area (Reits and Neefjes, 2001) . The speed and extent of the recovery of the fluorescent protein depends on the movement of the protein. Synapses are thought to have two pools of receptors, one that is immobilized and does not recover after photobleaching and the other that is mobile and comes back to the region of interest (bleached area) with time (Dorsch et al., 2009) . Both the percentage and rate of FRAP were significantly higher in hic-1 mutants (Figures 2A-2C ), indicating a higher percentage of mobile fraction of AChR/ACR-16 receptors at the NMJ in hic-1 mutants. Again, we were able to rescue this phenotype by specifically expressing HIC-1 in cholinergic neurons. These data indicate that HIC-1 could restrict the exchange between synaptic and mobile AChR/ACR-16 receptors by controlling the mobile receptor fraction available for delivery at the synapse.
In order to test if hic-1 mutants show defects in synaptic physiology, we went on to evaluate synaptic transmission in hic-1-mutant animals. We initially measured endogenous postsynaptic currents from NMJs, which reflects synaptic vesicle fusion evoked by the endogenous activity of the motor neurons. The electrophysiology recordings from the muscles showed that the frequency of the miniature excitatory postsynaptic current (mEPSC) was greater in the hic-1 mutants compared with WT controls ( Figure 2D ). This increase was rescued by expressing HIC-1 in cholinergic neurons ( Figure 2D ), but the average amplitude of mEPSCs was comparable with WT animals in hic-1-mutant C. elegans ( Figure 2D ). We also measured evoked EPSCs in hic-1-mutant animals; the peak amplitude of evoked EPSCs was not significantly different from the WT animals ( Figure S4A ). These data indicate that HIC-1 affects endogenous but not stimulus-evoked acetylcholine neurotransmitter release at the presynaptic nerve terminals of the NMJ. In addition, the normal amplitudes of the mEPSCs and evoked EPSCs in hic-1 mutants indicate that the number of functional AChR/ACR-16 receptors at the muscle membrane in hic-1 is not altered. Because our data indicate that hic-1 mutants show increased AChR/ACR-16 levels at the NMJ ( Figures 1F, S3F , and 2A-2C), this may suggest that the increased AChR/ ACR-16 receptors in hic-1 could be accumulating at non-synaptic or subsynaptic sites.
In order to test if there was any muscle activity defects caused by increased acetylcholine release or increased number of AChR/ACR-16 receptors, we analyzed calcium transients using GCaMP as a transgene expressed in the body-wall muscle of the animals (Schwarz et al., 2012) . We measured the duration of the calcium transients in a complete cycle, which is the start of the calcium signals to the maximum peak and then maximum peak to the fall of the transients (Gong et al., 2016) . The rise and fall time of the calcium transients in hic-1 animals was not significantly different from WT animals ( Figure 2E ), but we observed a significant increase in the dwell time ( Figure 2E ) and delay in the decay (Δt) of calcium transients in the hic-1 mutants ( Figure S4C ). These phenotypes were rescued upon expression of HIC-1 in cholinergic neurons. One possible explanation for these data could be that the increased acetylcholine release from the cholinergic NMJs in hic-1-mutant animals ( Figure 2D ) could lead to increased calcium transients in the hic-1-mutant animals.
There is also a possibility that the increased subsynaptic fraction of AChR/ACR-16 receptors could also contribute to the increased Calcium response in hic-1 animals (Brumwell et al., 2002) .
We next wanted to investigate the mechanism of HIC-1 function in cholinergic neurons that allow maintenance of normal AChR/ACR-16 levels at the body-wall muscles.
HIC-1 Is Required to Maintain Normal Wnt Release from Cholinergic Neurons
Our data so far suggest that HIC-1 is functioning in cholinergic motor neurons to regulate the levels of postsynaptic AChR/ACR-16 receptors; we wondered how HIC-1 being a presynaptic molecule could be affecting AChR/ACR-16 levels. Previous studies have suggested that postsynaptic AChR/ACR-16 receptor translocation onto the muscle membrane is regulated by Wnt ligands that are secreted from the presynaptic motor neurons (Babu et al., 2011; Jensen et al., 2012; Pandey et al., 2017) . To address the possibility that HIC-1 could be functioning through the Wnt signaling pathway to regulate AChR/ACR-16 delivery at the body-wall muscle, we initially performed Aldicarb assays for different Wnt pathway mutants involved in AChR/ACR-16 regulation in the hic-1 mutant background. The C. elegans Wntless ortholog MIG-14 is required for the secretion of Wnt ligands (Hardin and King, 2008) . The mig-14 mutants were resistant to Aldicarb in comparison with WT animals, while the mig-14; hic-1 double mutants were able to suppress the hypersensitivity of hic-1 mutants and show a phenotype indistinguishable from the mig-14 mutant phenotype ( Figure 3A ), suggesting that MIG-14 could function downstream of HIC-1. A canonical Wnt ligand, Frizzled/LIN-17, is required for maintaining AChR/ACR-16 in the body-wall muscles (Jensen et al., 2012) . We went on to perform Aldicarb assay with frizzled/lin-17; hic-1 double mutants. Mutants in frizzled/lin-17 are also resistant to Aldicarb, and the hypersensitivity on Aldicarb that was seen in hic-1 mutants was completely suppressed by mutants in frizzled/lin-17 ( Figure 3B ). Our results so far indicate that HIC-1 could function upstream of the Wnt signaling pathway.
We next wanted to understand how HIC-1 could be affecting the Wnt pathway through its expression in presynaptic neurons. One possible function for HIC-1 could be to regulate Wnt vesicle release from cholinergic synapses that are known to express Wnt (Jensen et al., 2012; Zhang et al., 2012) . We went on to perform experiments to check whether HIC-1 was required for Wnt secretion.
To visualize Wnt secretion, we took advantage of the well-established coelomocyte assay in C. elegans. Coelomocytes are specialized scavenger cells in C. elegans, which take up molecules that are secreted in the body cavity or pseudocoelom (Fares and Greenwald, 2001; Sieburth et al., 2007) . Previous reports have also used this assay to study Wnt/CWN-2 and Wnt/LIN-44 secretion (Jensen et al., 2012; Pandey et al., 2017) (Figure 3C ). Because both Wnt/CWN-2 and Wnt/LIN-44 have been reported to be required for maintaining AChR/ ACR-16 levels at the NMJ, we assayed the secretion of these two Wnts. Wnts tagged with mCherry were expressed in cholinergic neurons and imaged for fluorescence intensity in the dorsal cord as well as in coelomocytes . Similar to what is seen with neuropeptides, the dorsal cord punctal fluorescence could correspond to secretory vesicles containing Wnts in the axons, and the coelomocyte fluorescence could indicate Wnts that are secreted from the neurons and accumulate in the coelomocytes (Fares and Greenwald, 2001; Sieburth et al., 2007) . We observed that in hic-1 mutants, coelomocyte fluorescence was significantly increased, whereas the punctal axonal fluorescence intensity of CWN-2 was significantly reduced ( Figures 3D, 3E , and S5A). Both the dorsal cord punctal intensity and coelomocyte fluorescence defects of hic-1 were rescued by expressing HIC-1 in cholinergic neurons (Figures 3D, 3E, and S5A) . A similar increase in coelomocyte fluorescence was obtained with the other Wnt (LIN-44) that was tested (Figures 3F and S5A) . These data suggest that HIC-1 could be regulating the release of Wnt ligands from cholinergic neurons. In order to confirm that we were indeed looking at Wnt secretion in coelomocytes, we performed two experiments. First, we crossed Wnt-expressing animals with a coelomocyte marker line, Punc-122::GFP (Frøkjaer- Jensen et al., 2008) . The expression of Wnt endosomes can be seen within the coelomocytes labeled with punc-122::GFP marker in the Wnt-expressing lines ( Figure S5B ). Second, we analyzed Wnt secretion in the Wntless/mig-14 background. Wntless/MIG-14 is required for the binding and secretion of Wnt ligands from Wnt-producing cells (Eisenmann and Kim, 2000; Thorpe et al., 1997) . We observed a significant reduction of Wnt uptake in the coelomocytes and a concomitant increase in the axonal punctal fluorescence in the Wntless/mig-14 mutants ( Figures 3D, 3E , and S5A). In addition, Wntless/mig-14 suppressed both the increased coelomocyte fluorescence and decreased axonal punctal fluorescence defects of hic-1 mutants ( Figures 3D, 3E , and S5A). To test if HIC-1 could be affecting expression of Wnt ligands, we performed real-time qPCR for the Wnts CWN-2 and LIN-44 in WT, hic-1, and Wntless/mig-14 mutant animals. No significant difference in the RNA levels of CWN-2 and LIN-44 in either of the two mutants in comparison with WT animals was detected ( Figure  S5C ), indicating that HIC-1 does not appear to affect the expression of Wnt genes.
Because HIC-1 appears to be affecting Wnt release from cholinergic neurons, we next asked if HIC-1 could function as a more general molecule involved in the release of small proteins from cholinergic neurons. To this end we performed two experiments; first we performed an Aldicarb assay to see if mutants in hic-1 could function in the same pathway as neuropeptides. We tested the Aldicarb phenotype of egl-21 (a carboxypeptidase required for the normal synthesis of neuropeptides); in accordance with previous work, we also found that egl-21 mutants were resistant to Aldicarb (Jacob and Kaplan, 2003) , while the egl-21; hic-1 double mutants showed a phenotype that was intermediate between the resistance seen in egl-21 mutants and the hypersensitivity to Aldicarb seen in hic-1 mutants ( Figure S5D ).
These data indicate that HIC-1 may not be functioning through neuropeptides. Next, we went on to look at the expression of the neuropeptide NLP-21 tagged with YFP and expressed in cholinergic neurons (Staab et al., 2013) in WT and hic-1 mutants. On imaging the dorsal cord and the coelomocytes in these mutants, we saw no significant differences in the fluorescence intensity in either the cord or the coelomocytes ( Figures S5E and S5F ). Again we found no change in RNA levels of NLP-21 in hic-1 mutants ( Figure S5C ). These data indicate that hic-1 does not appear to affect neuropeptide secretion from cholinergic synapses, indicating that HIC-1 is not a general factor affecting constitutive secretion of small molecules.
Taken together, these data indicate that the HIC-1 is required for normal Wnt secretion from cholinergic neurons and that HIC-1 functions upstream of the Wnt signaling pathway to regulate AChR/ACR-16 levels at the NMJ. We next wanted to understand how HIC-1 could be affecting Wnt secretion.
HIC-1 Is Required to Maintain the Actin Cytoskeleton in Cholinergic Neurons
Claudins interact with the actin cytoskeleton via mediator proteins (Kojima et al., 2013) . We were interested in testing if HIC-1, as a possible claudin-like protein, could be involved in maintaining the actin cytoskeleton. As shown previously, HIC-1 is required to maintain the normal levels of the actin-binding protein Gelsolin in the cholinergic neurons ( Figure 1E ). To further consolidate these results, we visualized stable F-actin cytoskeleton in cholinergic synapses using an actin-binding probe, utrophin (Burkel et al., 2007) , tagged with GFP at its N terminus (GFP-UtrCH) expressed in the cholinergic neurons. A decrease in GFP-UtrCH intensity was observed with cholinergic GFP-UtrCH in hic-1 mutants, and this phenotype was rescued by expressing HIC-1 in cholinergic synapses ( Figure 4A ). As a control experiment, we examined GFP-UtrCH fluorescence in GABA synapses and found this fluorescence to be unaltered ( Figure 4B ). These data indicate that HIC-1 is involved in maintaining the actin cytoskeleton network specifically at cholinergic synapses.
We next wondered if HIC-1 could be affecting Wnt release by regulating the actin cytoskeleton. To address this possibility, we disrupted the F-actin cytoskeleton by injecting WT animals with latrunculin A (Coué et al., 1987) . Initially we confirmed that LAT-A indeed disrupted the F-actin cytoskeleton, as seen by visualizing GFP-UtrCH in LAT-A treated, untreated, and control-treated animals ( Figure 4C ). Next, we imaged the Wnt ligand CWN-2 tagged with mCherry in the coelomocytes. We found a significant increase in CWN-2::mCherry fluorescence in the coelomocytes of LAT-A-treated animals in comparison with mock-treated C. elegans ( Figure 4D ). Furthermore, the coelomocyte fluorescence was significantly reduced in mig-14 animals after LAT-A treatment ( Figure   4D ). Together, these data suggest that depolymerization of the F-actin cytoskeleton may cause increased Wnt release, indicating that the F-actin cytoskeleton could be acting as a "brake" for Wnt vesicle release and disrupting F-actin could cause an uncontrolled release of Wnt ligands ( Figure 4D ).
HIC-1 Interacts with an Actin-Binding Protein, Neurabin
Next, we wanted to investigate the interacting partner(s) of HIC-1 at the synapse. To test if the PDZ binding motif [PDZ(bm)] of HIC-1 is involved in the function of HIC-1 at the NMJ, we deleted the last four amino acids of the HIC-1 protein, which is the putative PDZ(bm), and expressed this protein (HIC-1ΔC(4aa)) under the cholinergic promoter in hic-1 mutants. The truncated protein failed to rescue the hypersensitivity phenotype seen in the hic-1-mutant animals ( Figure 5A ), suggesting that the putative PDZ(bm) is likely to be required for HIC-1's binding to mediator protein(s) that may help in the association of HIC-1 to the actin cytoskeleton. To test if the putative PDZ(bm) of HIC-1 is required for the synaptic localization of the protein, we visualized the HIC-1ΔC(4aa) truncated protein at the synapse by tagging this deleted protein with mCherry; the HIC-1ΔC(4aa) was co-localized with SNB-1 in the cholinergic neurons, indicating that this protein showed normal localization at the synapse, similar to that seen in the control FL HIC-1 ( Figure S6A ).
Next, we went on to find a possible interactor of HIC-1. Because HIC-1 does not have an actin-binding domain, we decided to search for putative HIC-1-interacting proteins by searching for proteins that satisfied the following criteria: (1) should be present at the synapse, (2) should have an actin-binding domain, and (3) should also have a PDZ domain. While searching through the literature and WormBase, we found one such protein, Neurabin/ NAB-1, that fulfilled all the above criteria. NAB-1 is required for instructing synapse assembly by linking adhesion molecules and F-actin to active zone proteins (Chia et al., 2012) . We asked if NAB-1 could interact with HIC-1 and thus act as an adaptor to link HIC-1 with F-actin.
We initially performed Aldicarb assays for nab-1 and found that nab-1 animals were hypersensitive to Aldicarb ( Figure 5B ). The hypersensitivity seen in nab-1 mutants was rescued by expressing NAB-1 under its own promoter in a translational reporter line tagged to GFP ( Figure S6E ) and by expressing NAB-1 specifically in cholinergic neurons (Figures 5B and S6B) . The mutants of nab-1; hic-1 also showed hypersensitivity toward Aldicarb similar to that seen in nab-1 or hic-1 single mutants (Figures 5B and S6B) . These data suggest that nab-1 genetically interacts with hic-1. Next, we performed a split YFP/BiFC experiment to explore the possibility of a direct interaction between HIC-1 and NAB-1. Bimolecular fluorescence complementation (BiFC) analysis enables direct visualization of protein interactions by measuring the association of two non-fluorescent fragments of a fluorescent protein fused to putative interacting partners (Kerppola, 2013) .
A bright YFP fluorescence was detected at the cholinergic synapses labeled with RAB-3::mCherry (Petrash et al., 2013) , when HIC-1 tagged with the C terminus half of YFP and NAB-1 tagged with the N terminus half of YFP were coinjected in the animals ( Figures  5C and 5D ), whereas YFP fluorescence intensity was significantly reduced when the HIC-1ΔC(4aa)::SpYFP and NAB-1::SpYFP were used in the above experiment ( Figures 5C  and 5D ). The controls, HIC-1::SpYFP, HIC-1ΔC(4aa)::SpYFP, and NAB-1::SpYFP, also showed a significantly reduced YFP signal at the cholinergic synapse ( Figure S6D ), indicating that the interaction/YFP signal that was seen with HIC-1::SpYFP and NAB-1::SpYFP was likely because of an interaction between HIC-1 and NAB-1. Furthermore, the HIC-1::SpYFP but not the HIC-1ΔC(4aa)::SpYFP was able to rescue the Aldicarb hypersensitivity defect of hic-1-mutant animals, and the NAB-1:: SpYFP also rescued the hypersensitivity to Aldicarb seen in the nab-1 mutants ( Figure S6C ).
To further investigate the interaction between NAB-1 and HIC-1, we looked at the localization of NAB-1 and HIC-1 using the Phic-1::HIC-1::mCherry and the Pnab-1::NAB-1::GFP lines (Hung et al., 2007) and found a partial co-localization between the translational reporters at the synapse ( Figure 5E ). If HIC-1 is modulating the F-actin cytoskeleton via NAB-1, we hypothesized that NAB-1 expression at the synapse could be dependent on HIC-1. In order to test this, we analyzed the localization of NAB-1 in hic-1 animals and found that the NAB-1::GFP fluorescence intensity was significantly reduced in hic-1 mutants. This phenotype was rescued by expressing HIC-1 in cholinergic neurons in these C. elegans ( Figure 5F ).
Taken together, these data suggest that HIC-1 interacts with NAB-1 through its PDZ(bm) and that NAB-1 localization is dependent on HIC-1 expression.
HIC-1 and NAB-1 Function in the Same Signaling Pathway
To further validate the interaction between NAB-1 and HIC-1, we performed further experiments to see if nab-1 mutants showed phenotypes similar to that seen with hic-1. We looked at the ACR-16::GFP, CWN-2::mCherry, LIN-44, and GFP-UtrCH levels in nab-1 mutants. The nab-1 mutants showed similar phenotypes as hic-1 mutants in these experiments, and the nab-1 phenotype was rescued by expressing NAB-1 in cholinergic neurons (nab-1; PACh::NAB-1) ( Figures 6A-6C and S7A) . Furthermore, the double mutants nab-1;hic-1 also behaved similarly to the single mutants nab-1 and hic-1 in these experiments. Taken together, these experiments point toward a direct interaction between HIC-1 and NAB-1, where they are both involved in a signaling pathway mediating normal Wnt secretion and maintenance of the actin cytoskeleton at cholinergic synapses.
HIC-1 with a C-Terminal NAB-1(ABD) Is Sufficient to Rescue the Wnt Release Defects Associated with nab-1; hic-1 Double Mutants
To further assert the role of HIC-1 through the NAB-1(ABD) in maintaining Wnt release and a normal F-actin cytoskeleton at the NMJ, we made a construct that removed the PDZinteracting amino acids of HIC-1 and replaced it with the actin-binding domain (ABD) of NAB-1 (HIC-1(ΔC(4aa)+NAB-1(ABD)); Figure 7A ). We then went on to test the rescuing activity of this construct in the nab-1; hic-1 double mutants. We found that in comparison with HIC-1ΔC(4aa), which did not rescue the hypersensitivity to Aldicarb seen in the nab-1; hic-1-mutant animals, the HIC-1ΔC(4aa)+NAB-1(ABD) construct partially rescued the hypersensitivity to Aldicarb seen in these animals ( Figure 7B ). These data indicate that the function of HIC-1 in maintaining normal Aldicarb sensitivity could be largely due to HIC-1 interacting with NAB-1 and allowing the maintenance of a normal actin cytoskeleton and hence normal Wnt release.
We went on to test the rescue of defects in Wnt release and the F-actin cytoskeleton in the nab-1; hic-1 double-mutant animals. We found that again, while the HIC-1ΔC(4aa)-expressing line could not rescue the Wnt/CWN-2 release defects associated with the nab-1; hic-1 mutants, the HIC-1ΔC(4aa)+NAB-1(ABD)-expressing animals could partially rescue the Wnt/CWN-2 release defects seen in the mutants ( Figure 7C ). Finally, we visualized the actin cytoskeleton using GFP-UtrCH expressed in cholinergic neurons in nab-1; hic-1 animals and the double mutant animals expressing the chimeric protein HIC-1 (ΔC(4aa) +NAB-1(ABD)) or the deletion HIC-1ΔC(4aa), specifically in cholinergic neurons. Consistent with our previous results, we again found that only the chimera of HIC-1 and NAB-1(ABD) could rescue the F-actin defect in the nab-1; hic-1 mutants.
Together, these data indicate that the ABD of NAB-1 anchored to HIC-1 is sufficient to rescue the NMJ defects of increased Wnt secretion seen in the double mutants of hic-1 and nab-1.
Discussion

HIC-1 and NAB-1 Are Regulators of Wnt Secretion
Wnt secretory molecules are known to enable synaptic communication through their function in both pre-and postsynaptic compartments. Jensen et al. (2012) elegantly dissected the role of the presynaptic Wnt/CWN-2 and its receptor Frizzled/LIN-17 in the translocation of AChR/ACR-16 receptors on to the muscle membrane at the C. elegans NMJ. Data from the coelomocyte uptake assay indicates that the release of Wnt/CWN-2 and Wnt/LIN-44 ligands from the motor neurons in hic-1, nab-1, and nab-1; hic-1-mutant animals occurs in an uncontrolled manner in comparison with WT control animals, although the initial levels of Wnts were likely the same, as indicated by no change in RNA levels in these mutants. These data potentially indicate the characterization of a loss-of-function mutant that causes an increase in Wnt secretion. More comprehensive studies on how Wnt secretion is deregulated in such mutants could be helpful in treating illnesses in which blocking Wnt secretion or designing therapeutic targets against Wnt signaling have proved helpful (Wang et al., 2016a (Wang et al., , 2016b .
Neurabin/NAB-1 is a multidomain protein that plays diverse functions in the nervous system. It has an F-actin binding domain at the N terminus, a PDZ domain that is reported to bind to transmembrane proteins, and a coiled-coil domain at its C terminus (Nakanishi et al., 1997) . The specificity-determining CAMs SYG-1 and SYG-2 locally assemble F-actin in C. elegans HSN neurons, and NAB-1 then binds to F-actin and goes on to recruit active zone proteins SYD-1 and SYD-2 (Chia et al., 2012) . These data point to the fact that NAB-1 could have multiple roles in the nervous system, and its interaction with HIC-1 to allow normal Wnt secretion is probably just one of the many processes it could be involved in. One could imagine that it may function as an adaptor for multiple proteins to allow interaction of different proteins with F-actin and hence regulate different processes in the nervous system.
Role of the Actin Cytoskeleton in Presynaptic Release
The actin cytoskeleton is involved in myriad processes at the nerve terminals ranging from neurogenesis to axon branching, cellular trafficking and signaling, synaptic vesicles release, and synaptogenesis among others (Morales et al., 2000; Zhang and Benson, 2002) . Interestingly, conflicting reports can be found on the role of local F-actin with respect to neurotransmitter release. An earlier report claims that depolymerization of F-actin blocks neurotransmitter release (Bernstein and Bamburg, 1989) , while more recent studies suggest an increase in neurotransmitter release upon actin depolymerization (Morales et al., 2000) . Morales et al. (2000) found that the depolymerization of actin by latrunculin A treatment transiently increased neurotransmitter release in cultured hippocampal neurons. Our results indicate that HIC-1 is required to maintain the presynaptic actin cytoskeleton and acetylcholine release from the cholinergic neurons in C. elegans. We hypothesize that HIC-1 might be regulating acetylcholine release through maintaining a stable F-actin in cholinergic neurons because, in the absence of HIC-1, we see disrupted F-actin, which could lead to increased acetylcholine release. These findings warrant more studies to pinpoint the role of the actin cytoskeleton in neurotransmitter release.
We also see increased Wnt secretion in hic-1 mutants, which prompted us to ask whether there was any correlation between a normal actin cytoskeleton and Wnt release. Our experiments indicate that disrupting the actin cytoskeleton allows increased Wnt secretion from the cholinergic motor neurons. How the actin cytoskeleton is involved in Wnt release is an important question that would require further experimentation.
For a very long time, Wnts were considered to be developmental molecules regulating embryonic development and early pattering of the embryo (reviewed in Cadigan and Nusse, 1997; Logan and Nusse, 2004) . Recent studies highlight more diverse functions of the Wnt signaling in the development and function of synapses and more specifically in maintaining AChR levels at the synapse (Babu et al., 2011; Barik et al., 2014; Henriquez et al., 2008; Jensen et al., 2012; Kamimura et al., 2013; Klassen and Shen, 2007; Messéant et al., 2017; Pandey et al., 2017) .
Despite the knowledge we have so far on the role of Wnts in the normal functioning of NMJs, there is no clear experimental evidence implicating the role of F-actin in Wnt secretion from neurons. Koles and Budnik (2012a) described the cellular machinery used in the release of Wnts from the Drosophila larval NMJs. They propose that Wnt/Wg is encapsulated in exosomes in conjunction with Wntless/Evi (MIG-14 in C. elegans), then Wnt/Wg containing exosomes are sorted into multivesicular bodies at the presynaptic termini; these multivesicular bodies are then fused to the presynaptic membrane at a site near the active zone (the periactive zone). They then release their exosomal content into the synaptic cleft at this site. On the basis of previous reports and our findings, we are proposing that HIC-1 is present at the presynaptic terminal of cholinergic neurons, where it regulates local F-actin dynamics, which in turn allows for normal secretion of both acetylcholine neurotransmitter and Wnt vesicles. An in-depth knowledge of the functioning of the actin cytoskeleton and its involvement in secretion warrants further studies.
The Intracellular C-Terminal Region of HIC-1 Acts as a Claudin at the NMJ
Out of 23 claudins in humans, 9 have been reported to have a conserved tyrosine residue at their C terminus. It has been shown that modifications to this tyrosine residue (phosphorylation) can alter the affinity of claudin-1 and claudin-2 toward the N-terminal PDZ domain of the ZO-1 protein (Nomme et al., 2015) . We found the presence of a tyrosine residue in HIC-1 at the conserved C-terminal site similar to what is seen in other claudins. Hence, we reasoned that HIC-1 could have a putative PDZ(bm) at its C terminus. Furthermore, claudins interact with cytoplasmic scaffolding proteins, particularly ZO-1,2,3, which indirectly connect claudins to the actin cytoskeleton and thereby stabilize tight junction assembly and their barrier functions (Umeda et al., 2006) . A deletion construct of HIC-1 that removed the putative PDZ(bm) failed to rescue the Aldicarb defects of HIC-1 and was not able to bind to the PDZ domain of the actin-binding protein Neurabin. Together these data indicate that HIC-1 could be behaving in a manner similar to other bona fide claudins intracellularly, using its C-terminal PDZ(bm) ( Figure S7B ). Apart from HIC-1 we have recently shown that a claudin-like molecule, HPO-30, is required to maintain levamisole-sensitive AChRs at the NMJ (Sharma et al., 2018) . HPO-30 has also been shown to allow normal actin assembly and dendritic branching through its interaction with the WAVE regulatory complex in C. elegans (Zou et al., 2018) . These results indicate that understanding the function of claudins at synapses and neurons could be essential for us to get insight into the molecules involved in maintaining the actin cytoskeleton in the nervous system.
Claudins are known to make homo-or heterophilic interactions via their two highly conserved extracellular loops; we found these loops in HIC-1 to be poorly aligned with other claudins. This gives rise to the possibility that HIC-1 may not be a traditional claudin or claudin-like molecule and suggests that HIC-1 might not be functioning similarly to other claudins extracellularly. More studies are needed to understand how HIC-1 might be functioning extracellularly and whether it is involved in making cis-or trans-interactions with other claudins, to other synaptic adhesion molecules or ligands present in the synaptic cleft.
Implications of the Putative Claudin-like Molecule HIC-1 in Understanding Claudin Functions in the Mammals
Differential expression and function of claudins in mammals has been reported in many tissue (reviewed in Krause et al., 2008a) . Apart from the canonical roles of claudins in maintaining barrier functions, they also play diverse non-canonical functions in cell signaling (Hagen, 2017) . They make up essential components of the blood-brain barrier, and their deregulation is associated with various brain disorders (reviewed in Gonçalves et al., 2013) . Despite their various functions in the brain, the underlying mechanism of claudin function in the brain and at the synapse is yet largely unknown. Our study describes the functional roles for a putative claudin-like molecule, HIC-1, at C. elegans NMJs. The findings from this study could help in further understanding the function of claudins and other tetraspan proteins in the brain. (Petrash et al., 2013) uIfs63 strain pPRB47
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Experimental Model and Subject Details
Organisms/Strains: C.elegans (WB Cat# N2_(ancestral), RRID:WB
STRAIN:N2_(ancestral))
Strains-All strains were maintained on Nematode Growth Medium (NGM) plates seeded with OP50 Escherichia coli at 20°C under standard conditions (Brenner, 1974) . The C. elegans Bristol strain N2 was used as the wild-type (WT) control. Mutant strains used were: hic-1 (ok3475), mig-14 (ga62), lin-17 (e1456), acr-16 (ok789), and nab-1(ok943), all available from CGC and outcrossed with N2 C. elegans at least 4X times. All the mutants and the primers for their genotyping are listed in the KRT table.
Method Details Behavioral assays-Aldicarb assay
This assay was performed as previously described (Mahoney et al., 2006) . Briefly, the Aldicarb plates were prepared one day prior to the experiment, 100 mM stock of Aldicarb (Sigma-Aldrich, St. Louis, MO) was prepared in ethanol and incorporated in the NGM to make the final concentration of 1mM. At least 20 animals per genotype were picked at the late L4 stage for the assay. The number of paralyzed animals was counted at 10 minutes (min) intervals for up to 120 min. The assay was performed in triplicate with the experimenter being blind to the genotype of the C. elegans. Aldicarb assays were performed using multiple batches of Aldicarb. This gave rise to small discrepancies in the rate of paralysis of WT animals. However all the graphs were done with appropriate controls, with the experimenter being blind to the genotype of the animals, and showed a similar trend across the multiple batches of Aldicarb used.
Sytox green uptake assay
C. elegans were allowed to uptake sytox green dye at 22°C or 37°C for 1 hour (h). Images of the intestine of the C. elegans were captured using the 488nm filter and DIC after the sytox green treatment.
Microscopy and image analysis-Neuronal and synaptic markers
Imaging of neuronal and synaptic markers was done as previously described (Sieburth et al., 2005) , by immobilizing C. elegans with 30mg/ml 2, 3-butanedione monoxamine (BDM)
from Sigma on 2% agarose pads. A Zeiss AxioImager microscope with a 63x 1.4 NA Plan APOCHROMAT objective equipped with a Zeiss AxioCam MRm CCD camera controlled by Axiovision software (Zeiss Microimaging) was used for taking Z stacks of the C.elegans.
Maximum intensity projections of the line-scans were taken for Quantitation. Images were then quantitated using ImageJ software. The Prism 7 software was used for the statistical analyses of the data.
The Colocalization studies and the GFP-UtrCH imaging experiments were performed on the Leica SP8 confocal microscope using an Argon laser at multiple gains ranging from 10% to 15%. All the parameters were kept constant for any one set of imaging experiments plotted on the same graph.
Fluorescent recovery after photobleaching (FRAP) Experiment-FRAP
experiments were performed on late L4 stage C. elegans that were immobilized on 10% agarose pads. 0.2μl of 0.1 μm polystyrene beads (Polysciences) were added to the slides to restrict further the movement of the C. elegans as previously described (Babu et al., 2011) .
The SP8 confocal microscope (Leica Microsystems) with a 23% bleaching power of 488 nm Argon laser was used to bleach the ACR-16::GFP puncta. The images were captured before and after photobleaching for up to 20 min. The fluorescent intensities of neighboring puncta were also calculated and taken as a control to monitor the focal drift during the live imaging of the animals.
Coelomocyte uptake assay-The secretion of Wnt ligands from the cholinergic neurons was monitored using a technique similar to that used previously for Neuropeptide uptake assays (Sieburth et al., 2007) and as has been previously published for Wnts (Jensen et al., 2012) . The fluorescence intensity of Wnts tagged with mCherry was measured in the endocytic compartment of coelomocytes posterior to the vulva of the WT and mutant C. elegans. Laterally oriented young adults were imaged in animals where the coelomocyte was not obscured by any other tissues. A maximum intensity projection was taken from image stacks of the coelomocyte, and the mean fluorescence within each vesicle in the coelomocyte was calculated using ImageJ software and plotted using Prism 7.
Latrunculin A (LAT-A) injections-The
Lat-A injections for actin depolymerization were performed as described previously (Chia et al., 2012) . L4 stage animals were immobilized by putting them on 2% agarose pads and adding halocarbon oil (Sigma). After immobilization, the C. elegans were injected with either 1mM of LAT-A (Sigma) in 25% vol/vol DMSO (Sigma) or 25% DMSO alone. The injections were done into the pseudocoelom of the C. elegans at a site slightly posterior to the vulva. The injected animals were then kept at 20°C for 3h to recover. After recovery, the animals were imaged as has been described above.
Calcium imaging-Calcium imaging in the C.elegans muscles was performed as described previously (Gong et al., 2016) . Transgenic animals expressing goeIs3 (Pmyo-3::GCaMP3.35::unc-54-3′utr,unc-119) were first immobilized on 2% agarose pads prepared in the M9 buffer. 0.2μl of polystyrene beads were further added to the agarose pads to restrict the movement of the animals. After immobilizing the C. elegans, the time-lapse movies were taken for the muscles at 63X on the Zeiss fluorescence upright microscope at 1 frame/second (s) speed for up to 40 s at 200ms exposure time. A complete cycle of calcium transients was taken for the analysis. Two parallel lines were drawn on the y axis at 10% and 90% from the baseline of the signal to the highest point of the peak (Petrou et al., 2017; Thrasivoulou et al., 2013) and represented in Figure S4B) ). This makes four interception points on the waveform. The rise time was defined as the time from the initial point to the second point in seconds (t1s), the dwell time was calculated from the second point to the third point (t2s), and the fall time was reflected by the time from the third point to the fourth point (t3s). Data analysis was performed in the Prism 7 software after the images were analyzed using the ImageJ software.
Cloning and Constructs-Standard restriction digestion or PCR based cloning was performed for all the experiments in this study (Russell, 2001 ). The vectors used in this study are pPD49.26, PCFJ910 and PCFJ68 all obtained from Addgene. See also KRT table.
A detailed description of all the constructs generated for the study and their respective cloning primers are indicated in the supplemental section Table S1 .
BiFC Assay-To perform the BiFC assay, VN173 Fragment (N terminus) of split YFP (Kerppola, 2013) was cloned downstream to Neurabin cDNA, and VC155 Fragment (C terminus) of split YFP (Kerppola, 2013) was tagged to the C terminus of HIC-1 cDNA. For the control experiment, HIC-1ΔC(4aa)::VC155 was generated. All the constructs for BiFC experiments were cloned under the unc-17 promoter to drive the expression in the cholinergic neurons. A brief summary of the sequences and the primers used for generating BiFC constructs are indicated in the supplemental section Table S2 .
Generation of transgenics (extrachromosomal arrays and Integrated Lines)-
C.elegans transformants were obtained as described previously (Mello and Fire, 1995) . A 100 ng/ul concentration injection mix was prepared with 10-50 ng of the transgene DNA, 5-15 ng/ul of co-injection marker (PCFJ90) and rest of the concentration was made up with the pBluescript (PBS) plasmid.The extrachromosomal arrays with high-frequency transmission rate were integrated as described previously (Mariol et al., 2013) . The list of integrated lines and their sources, list of arrays and the list of all the strains used in this work is listed in the Key Resource Table. Quantitative PCR experiment-For real time PCR based gene expression analysis, Fresh RNA was isolated from a mixed staged population of C. elegans by initially treating the freeze-thawed C. elegans pellets with Trizol and then purifying the lysate with an RNeasy Mini Kit (QIAGEN). cDNA was synthesized from the isolated RNA with random hexamers using the Transcriptor High Fidelity cDNA Synthesis Kit (Roche) according to manufacturer's protocols. SYBR Premix Ex TaqII master mix (Clontech) was used to set up the real time PCR reaction in triplicate. The normalized expression of genes in different mutants relative to WT controls was calculated using the 2 −ΔΔCt method.
Electrophysiology Experiments-C.elegans dissection, neuromuscular junction exposure and Whole-cell voltage-clamp recordings were performed on body-wall muscles as previously described Richmond and Jorgensen, 1999) . We recorded miniature excitatory postsynaptic currents by perfusing C. elegans in an extracellular recording solution made up of 127mM NaCl, 5mM KCl, 26mM NAHCO 3 , 1.25mM NAH 2 PO 4 , 20mM glucose, 1mM CaCl 2 , and 4mM MgCl 2 , bubbled with 5%CO 2 , 95%O 2 at 22°C. The holding potential was set at −60mV, which is the reversal potential for the GABA A receptors. In this way, only mEPSCs were recorded (Hu et al., 2013) . The intracellular recording solution consists of 105mM CsCH 3 SO 3 , 10mM CsCl, 15mM CsF, 4mM MgCl 2 , 5mM EGTA, 0.25mM CaCl 2 , 10mM HEPES, and 4mM Na 2 ATP at pH7.2 adjusted by adding CsOH. Stimulus-evoked EPSCs were stimulated by placing a borosilicate pipette (5μm in open size) near the ventral nerve cord (one muscle distance from the recording pipette) and applying a 0.4 ms, 85μA square pulse (WPI).
Quantification and Statistical Analysis
All statistical analysis was performed using GraphPad Prism V7. All experimental data are shown as mean ± SEM unless otherwise stated. Statistical comparisons were done using the Student's t test, two-way ANOVA, one-way ANOVA with Bonferroni's multiple comparison post test or Kolmogorov-Smirnov test (KS-test). A level of p < 0.05 was considered significant. Multiple sequence Alignment among claudin homologs or HIC-1 with other tetraspan proteins were analyzed using the Clustal Omega program (Sievers et al., 2011) .
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Highlights
• HIC-1 is expressed in cholinergic synapses and required for normal NMJ function Aldicarb phenotype using the following promoters; Prab-3 (pan-neuronal), Pmyo-3 (bodywall muscles), Plet-413 (epithelial cells), Punc-17 (cholinergic neurons), and Punc-25 (GABAergic neurons). In all Aldicarb bar graphs, N is the number of trials and n is the total number of animals tested per genotype (~20 animals/trial). (A) Representative images and quantitation of fluorescence intensity along the DNC in animals expressing Pmyo-3::ACR-16::GFP.WT (n = 45), hic-1 (n = 48), nab-1 (n = 25), nab-1; PACh::NAB-1 (n = 18), and nab-1; hic-1 (n = 21).
(B) Representative images and quantitation of coelomocyte fluorescence intensity from PACh::Wnt/CWN-2::mCherry. WT (n = 57), hic-1 (n = 44), nab-1 (n = 35), nab-1; PACh::NAB-1 (n = 28), and nab-1; hic-1 (n = 32). Also see Figure S7A . (A) Schematic of the fusion construct HIC-1(ΔC(4aa)+NAB-1(ABD)). The C-terminal four amino acids were deleted from HIC-1, and the ABD of NAB-1 was added in frame with the above HIC-1 construct. The domains of NAB-1 are shown (Chia et al., 2012) . (B) Time course paralysis on Aldicarb for the following strains: WT, nab-1; hic-1, nab-1; hic-1; PACh::HIC-1(ΔC(4aa)), and nab-1; hic-1; PACh::HIC-1(ΔC (4aa)+NAB-1(ABD)).
The experiment is performed six times, and the total number of animals used in each experiment was 120 (20 animals/trial) for each genotype. 
